Myocardium is generally thought to express no more than two isoforms of troponin T (TnT). We have recently reported that TnT purified from rabbit myocardium is resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis Into five proteius (TnT,, TnT 2 , TnT 3 , TnT 4 , and TnT s ). In this study, these proteins are characterized immunologically and a novel elaborate maturational profile is described. Myocardium was obtained from 23 days of gestation fetal rabbits and 2-day, 6-week, 3-month, and 6-month postnatal rabbits. The major species in the adult myocardium, TnT 4 , was identified on sodium dodecyl sulfate-polyacrylamide gels and excised. The protein was electroeluted and purified. An amino acid microsequence of a cleaved fragment of this protein was found to be virtually identical to residues 86-99 from adult rabbit cardiac TnT. The protein, TnT.,, was used to raise a polyclonal antibody. This antibody recognized all five isoforms from purified cardiac TnT, but none of the TnT isoforms from fast skeletal muscle. A monoclonal antibody, Mab JLT-12, raised against a highly conserved epitope of rabbit fast skeletal muscle, recognized all five cardiac as well as five skeletal muscle isoforms. Western blots performed on intact myocardial preparations demonstrated that TnT M the cardiac isoform with the slowest electrophoretic mobility, was expressed prominently in the immature hearts, in addition to TnT 2 , TnT 3 , and TnT 4 , but TnT, was not evident in the 3-month and 6-month postnatal hearts. The expression of TnT 2 also decreased with maturation. Thus, the number of TnT isoforms expressed in the rabbit decreases with maturation. These results demonstrate a greater heterogeneity of expression of cardiac TnT isoforms than was previously suspected and suggest that all the five identified TnT rabbit cardiac isoforms are derived from a different gene than the fast skeletal muscle TnT gene. Sequencing of the rabbit cardiac TnT gene(s) and complementary DNA analysis are needed to establish fully the molecular basis of these five cardiac TnT isoforms. (Circulation Research 1989;65:1087-1093) T roponin T (TnT), an important component of the thin filament regulatory system, confers on the myofilaments a graded sensitivity to calcium. 1 In rabbit fast skeletal muscle, five TnT isoforms are commonly expressed. 2 In the rat fast skeletal muscle TnT gene, differential splicing of exons in intricate combinatorial patterns provides the potential for the expression of up to 64 TnT isoforms. 3 In striking contrast to this heterogeneity of skeletal isoforms, cardiac muscle has been reported to have only two TnT isofonns. 4 ' 3 -7 If, like From the Departments of Pediatrics (A.E.O., P.A.W.A.) and Cell Biology (P.A.W.A.),
the skeletal muscle TnT gene, the rabbit cardiac TnT gene has the ability to produce hypervariability in the N-terminal region (amino-terminal), multiple cardiac TnT isoforms would be anticipated. Furthermore, if the cardiac TnT isoforms alter the sensitivity of the myofilaments to calcium, as the skeletal TnT isoforms do, 8 heterogeneity in cardiac TnT isoform expression would enhance the ability of the myocardium to modulate its response to calcium.
We previously have purified TnT from rabbit heart and recognized, using sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), five different forms of the protein. 9 In the present study, we confirmed that these are all isoforms of TnT by the following approaches: One of the forms was purified and microsequenced and found to have a marked similarity to a previously published rabbit cardiac TnT. 4 Using a polyclonal antibody raised against this purified isoform and monoclonal antibodies raised against fast skeletal muscle, we exam-ined the phenotypic expression and immunological cross-reactivity of rabbit cardiac TnT in intact myocardium from different stages of maturation and compared them with purified rabbit cardiac TnT and TnT in fast skeletal muscle preparations using SDS-PAGE and Western blots. Five cardiac isoforms were recognized by these antibodies. Furthermore, the isoform with the slowest electrophoretic mobility was expressed prominently in the fetal and newborn myocardium but was not found in the myocardium of the 3-and 6-month postnatal rabbit. These results demonstrate that a greater heterogeneity of cardiac TnT isoform expression exists than has been previously described.
Materials and Methods
Ventricular myocardium was obtained from New Zealand White rabbits at a gestational age of 23 days and postnatal ages of 2 days, 6 weeks, 3 months, and 6 months. Fast skeletal muscle was obtained from the vastus medialis of 3-and 6-month postnatal rabbits. Pregnant rabbits received ketamine (200 mg), xylazine (68 mg), and acepromazine (7 mg) intramuscularly before harvest of the fetal hearts. The postnatal rabbits were anesthetized with sodium pentobartibal (350 mg/kg i.p.)-
The electrophoresis reagents were of ultrapure grade from Bethesda Research Laboratories, Gaithersburg, Maryland, Bio-Rad, Rockville Centre, New York, and JT Baker, Phillipsburg, New Jersey. The other reagents were analytical reagent grade or better. Triton-X 100; fatty acid-free bovine serum albumin; and the protease inhibitors aprotinin, antipain, chymostatin, pepstatin a 2 -macroglobulin, leupeptin, and phenylmethylsulfonyl fluoride were purchased from Sigma Chemical, St. Louis, Missouri. The protein low molecular weight markers were purchased from Pierce Chemical Company, Rockford, Illinois and Pharmacia LKB, Piscataway, New Jersey. The water was deionized and filtered using a Millipore Milli Q System. The monoclonal anti-TnT antibody, JLT-12, was obtained from Amersham, Arlington Heights, Illinois. The monoclonal anti-TNT antibody, JLT-7, was a gift from Dr. J. J.-C. Lin to Drs. Schachat and Briggs, who provided the antibody to us. Western blots were obtained using VectaStain ABC-AP Kit and Alkaline Phosphatase Substrate Kit II from Vector Laboratories, Burlingame, California, Biotin-SP-Affinipure rabbit antimouse immunoglobulin G and immunoglobulin M from Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, nitrocellulose from Schleicher and Schuell, Keene, New Hampshire, and Immobilon from Millipore, Bedford, Massachusetts.
Purification of TnT was carried out, using ventricular myocardium from 6-week and 3-month postnatal rabbits, according to the procedures reported by Potter. 10 Precautions suggested in the procedures were carefully followed to avoid proteolysis and to isolate stable and undegraded TnT. Tropomyosin was purified as previously reported. 9 -10 Muscle tissue used for SDS-PAGE was prepared using two protocols: that of Bronson and Schachat, 11 in which the muscle was rapidly frozen by immersion in liquid nitrogen and the myofibrils prepared under liquid nitrogen; and, as previously described, 9 where the muscle was skinned with Triton-X 100 at 4° C in the presence of protease inhibitors and immersed in 200 /A SDS-PAGE buffer before being frozen (-80° C). The results obtained were unaffected by either condition.
SDS-PAGE was carried out using a modified Laemmli protocol 12 with the following modifications: 30% acrylamide and 1.1% bis-acrylamide stock solutions were used in either a 6% or 8% running gel and a 3.3% stacking gel. Silver-staining of the gels was performed as described by Schachat et al. 13 Microsequencing of the most prominent adult cardiac isoform, TnT 4 , was performed by eluting TnT 4 from gel slices using an LKB 2014 Extraphor electrophoretic concentrator after the methods of Konigsberg and Henderson, 14 Henderson et al, 15 Hager and Burgess, 16 and Hunkapiller et al. 17 After dialysis and extraction of the SDS, the purified protein was quick-frozen in liquid nitrogen and sent to Yale University School of Medicine Protein and Nucleic Acid Chemistry Facility, New Haven, Connecticut. The preparation was treated with trypsin, and one random fragment was sequenced using an Applied Biosystems model 470-A Gas Phase Sequencer with an Applied Biosystems model 120-A PTH Analyzer. 18 Polyclonal antisera were raised against the prominent adult isoform, TnT 4 , in the following manner: The prominent band was identified and excised carefully from Coomassie-stained gels. Gel slices, containing the isoform, were emulsified in complete Freund's adjuvant and injected subcutaneously in Balb-c sendai virus-free mice. The primary reaction was boosted 1 month later by inserting subcutaneously the same isoform transferred and immobilized on nitrocellulose. After the first or a second boost, the mouse sera were examined for antibody production by Western blots.
Western blots were performed according to the methods described by Pluskal et al. 19 The proteins, separated on the gel, were transferred and immobilized on Immobilon using an LKB Multiphor II NovaBlot system, following the manufacturer's specifications. After transfer to Immobilon, membranes were air-dried and stored at 4° C overnight. On the subsequent day, the immunological assay was performed using TnT antisera and monoclonal antibodies JLT-12 and JLT-7. A VectaStain ABC-AP kit for protein detection was used according to the kit's specifications.
Results

Purified TnT From Intact Myocardium
Purified cardiac TnT was resolved into five bands by SDS-PAGE (in order from slowest to fastest electrophoretic mobility: TnT,, TnT 2 , TnT 3 , TnT 4 , and TnT 5 ; Figure 1 ). These bands had electrophoretic mobilities between those of actin and tropomyosin ( Figure 1 ) and less than those of skeletal TnT ( Figure 211 ). Compared with actin and with the low molecular weight marker, a' subunit of RNA polymerase ( Figure 2 ), the molecular weight (M r ) of the isoforms ranged from just below 43,000 Da to just below 39,000 Da. TnT,, a minor species in the purified TnT (Figure 1 ), could not be resolved from actin on an 8% gel. Proteins with identical mobilities of TnT 2 , TnT 3 , TnT 4 , and TnT 5 were resolved in myocardium ( Figure 2 ), prepared using either the protocol of Bronson and Schachat 11 or that of Anderson et al. 9 The proteins were found in different relative proportions in myocardium from fetal, newborn, and 3-month postnatal rabbits ( Figure 21 ). As noted above, TnT, had an electrophoretic mobility quite similar to actin so that potential maturational differences in TnT, expression could not be resolved on these gels. However, developmental changes in the expression of the other isoforms are well demonstrated ( Figure 21 ). For example, our previously described finding 9 that a relative decrease in TnT 2 expression occurs during postnatal life is further extended by comparing the TnT isoform distribution of fetal myocardium to that of 2-day and 3-month postnatal myocardium ( Figure 21 ).
Microsequence of TnT 4
The residues of a tryptic fragment of TnT 4 are provided in Figure 3 . The sequence is virtually identical to residues 86-99 of the published sequence of a rabbit cardiac TnT isoform, 4 except for the substitution of aspartic acid for glutamic acid at residue 95 ( ( Figure 3 ). These findings confirmed that TnT 4 is a TnT isoform.
Immunological Identification of Cardiac and Fast Skeletal TnTisoforms
The polyclonal antibody (antisera) raised against TnT 4 recognized determinants in all of the five bands of the purified cardiac TnT (Figure 41 ). Western blots of myocardial preparations from hearts at different stages of development were performed (Figure 411 ). TnT, was prominently recognized in all the myocardial preparations from the fetal and 2-day postnatal rabbit ( Figure 411 ) but was never recognized in the myocardial preparations from the 3-month and 6-month rabbit (Figure 411 ). Although the polyclonal antibody raised against TnT 4 recognized determinants present in all the isoforms in the myocardial preparations, it recognized none that were associated with the fast skeletal muscle TnT isoforms ( Figure 41) . A monoclonal antibody, Mab JLT-12, which recognizes a highly conserved epitope in fast skeletal muscle TnT 2 and cardiac muscle TnT, 7 recognized its determinant associated with all five isoforms of the purified cardiac TnT (Figure 4I -C) and intact myocardial preparations ( Figure 4III ). This monoclonal antibody demonstrated the same maturational profile of isoform expression as our polyclonal antibody, namely, a disappearance with development in the expression of TnTi and a decrease in that of TnT 2 . Western blots of fast skeletal muscle demonstrated that Mab JLT-12 recognized a determinant associated with the five major skeletal TnT isoforms, described by Briggs et al 2 (Figure 4I-D) .
A second monoclonal antibody, Mab JLT-7, which recognizes an epitope in the amino-terminal region of two commonly expressed rabbit fast skeletal muscle TnT isoforms, 2 did not cross-react with any cardiac isoforms in either the purified TnT or in the intact myocardial preparations while recognizing its determinant in two fast skeletal muscle TnT isoforms (not shown).
Discussion
Cardiac muscle has been previously reported to express only two TnT isoforms. 4 -5 -7 In contrast, rabbit fast skeletal muscle expresses at least five isoforms, 2 and chicken leg muscle as many as 40 TnT isoforms. 21 The lack of diversity in cardiac TnT expression is surprising given the similarity in the A and B (C) . Note the disappearance of TnT, and the decrease in TnT 2 with maturation. Because of the relatively small amount of TnT 5 in the myocardium, transfers from gels that were more heavily loaded with myocardial proteins had to be used to demonstrate this fifth isoform. Panel III: Mab JLT-12 recognizes four isoforms in these rabbit myocardial preparations: from a 2-day postnatal rabbit heart (A); from a 3-month postnatal rabbit heart (B); from a 6-month postnatal rabbit heart (C); and a mixture of the preparations applied in lanes A and C (D) . mechanism through which the multiple skeletal TnT isofonns 3 and the two chicken cardiac TnT isoforms are derived. 6 In each type of muscle, the variability in the N-terminal regions of the isoforms is thought to be derived through alternative RNA splicing. 3 -6 The two bovine cardiac TnT isofonns also differ in the N-terminal region, 5 as do two rabbit cardiac TnT isoforms. 4 In the present study, heterogeneity in rabbit ventricular myocardial TnT expression was demonstrated using high-resolution PAGE and Western blots. Previous immunological studies, using monoclonal antibodies, have suggested the conservation of TnT antigenic epitopes across a range of striated muscles. 22 For example, two monoclonal antibodies which recognize epitopes associated with five avian fast skeletal TnT isoforms, strongly cross-react with human fast skeletal and chicken cardiac troponin T. 23 Consistent with this observation is the similarity in the residues 47-151 among rabbit skeletal and cardiac TnT and other striated TnT. 3 -4 -24 These findings led us to suspect that Mab JLT-12, which recognizes an epitope in the highly conserved residues 47-151 of fast skeletal muscle TnT 2 and which has been shown recently to recognize its determinant in cardiac TnT from bovine, rat, and chicken hearts, 7 would recognize this determinant in all rabbit cardiac TnT isoforms.
AB CD ABC ABCD FIGURE 4. Western blots of purified cardiac troponin T, myocardium from different maturational stages, and skeletal muscle. Panel I: Western blots of proteins run on different lanes of the same gel. The polyclonal antibody to troponin T 4 recognizes determinants in the five bands in the purified cardiac troponin T (TnT c ) (A) and none in the fast skeletal muscle preparation (B). The TnT isoforms are labeled 1 through 5. The monoclonal antibody Mab JLT-12 recognizes its determinant in the five bands in purified cardiac troponin T (C) and five isoforms of troponin T in fast skeletal muscle (TnTs) (D). Panel II: The polyclonal antibody recognizes four troponin T isoforms in these myocardial preparations: from the 2-day postnatal heart (A); from the 6-month postnatal heart (B); and a mixture of the preparations applied in lanes
Prominent differences exist in the N-terminal regions of skeletal and cardiac TnT. 1 As delineated by analysis of chicken cardiac and rat skeletal TnT genes, 6 -24 the exons coding for the N-terminal region of rabbit fast skeletal muscle and of cardiac muscle were proposed to differ. 4 These findings suggested to us that Mab JLT-7, which recognizes a fast skeletal muscle N-terminal epitope, 2 would not recognize this determinant in any of the cardiac TnT isoforms.
We also used a polyclonal antibody to identify the cardiac TnT isoforms. Having established with its microsequence that TnT 4 is a TnT isoform, TnT 4 was used to raise the polyclonal antibody. We anticipated that the polyclonal antibody would demonstrate that some of the antigenic determinants of TnT 4 are shared by all the cardiac isofonns but were uncertain was to whether this antibody would recognize determinants in skeletal TnT isoforms. The regions of hypervariability in rabbit cardiac TnT, which are not shared even by rabbit skeletal TnT, 4 would provide epitopes with high antigenicity, while the highly conserved regions of rabbit cardiac TnT, which are likely to be conserved across species, 3 -24 would provide epitopes with low antigenicity.
Indeed, Mab JLT-12, which recognizes a highly conserved epitope in skeletal and cardiac TnT, 2 -7 recognized the epitope in all five proteins in the purified cardiac TnT and all the isoforms in the intact myocardial preparations. Mab JLT-7, a monoclonal antibody raised against a fast skeletal muscle TnT N-terminal epitope, recognized no cardiac epitopes while it recognized, appropriately, its deter-minant in two commonly expressed fast skeletal muscle TnT isoforms. 2 The polyclonal antibody recognized determinants that are present in all five cardiac isoforms and that are not present in the fast skeletal muscle TnT isoforms.
These findings are consistent with the interpretation that the highly conserved epitope recognized by JLT-12 is present in all skeletal and cardiac TnT isoforms, that the skeletal N-terminal epitope recognized by JLT-7 is absent in all the cardiac TnT isoforms, and that the determinants recognized by the polyclonal antibody in cardiac TnT are absent from the skeletal TnT isoforms. The latter findings imply that our polyclonal antibodies, raised against cardiac TnT 4 , recognizes determinants that are unique to cardiac TnT. These are likely to be in the N-terminal region. Previous analysis by Pearlstone et al 4 of the N-terminal regions of rabbit fast skeletal muscle TnT and of rabbit cardiac muscle TnT shows that all the exons that code for this region differ between the skeletal and cardiac TnT genes. Thus, although skeletal proteins can be expressed in the heart, 25 -26 our findings suggest that these five cardiac isoforms are derived from a cardiac gene(s). Sequencing of the rabbit cardiac TnT gene(s) and complementary DNA analysis, which are ongoing in our laboratory, are needed to establish fully the molecular basis of the five rabbit cardiac TnT isofonns.
Prominent heterogeneity in cardiac TnT isoform expression appears to be at variance with the findings of Pearlstone et al, 4 who identified two major rabbit cardiac TnT isoforms, and those of Wilkinson and Taylor, 27 who found a single isoform. Our identification of five cardiac isoforms is likely to be the result of using electrophoretic conditions that allow high resolution of the isoforms (6% or 8% acrylamide instead of 15% acrylamide 4 -27 ) and studying myocardium from different developmental stages, which allows a more complete assessment of the number of TnT isoforms expressed.
Although alternative RNA splicing, the basis of the chicken heart TnT isoforms and the multiple avian and mammalian skeletal muscle TnT isoforms, may explain our finding five cardiac TnT isoforms in rabbit cardiac muscle, other possibilities unrelated to TnT expression should also be considered. Proteolytic fragmentation arising from potential degradation of TnT is possible but highly unlikely in that the same proteins, as characterized by electrophoretic mobilities and immunological reactivity, are present in purified cardiac TnT and myocardial preparations obtained using different preparative techniques. In addition, time course degradation experiments (not shown) indicate that these five isoforms are not caused by proteolysis. Finally, preparations obtained from hearts over a broad range of development show a consistent maturational change in the distribution of these proteins.
Posttranslational modifications of two TnT isoforms could result in our finding five forms of TnT in rabbit cardiac muscle. If this processing is the basis of our findings, the maturational differences in these five proteins indicate that posttranslational processing of TnT is dependent on maturation. The extent of this posttranslational processing of cardiac TnT and its maturational control would be new findings for cardiac TnT.
The observations that suggest these five forms of TnT are not a consequence of posttranslational modification include the relatively wide range of M r of these proteins. Skeletal TnT isoforms that have undergone posttranslational modifications are not separated on one-dimensional gels, 2 and our onedimensional gels identified only five skeletal troponin T isoforms that are commonly expressed in rabbit fast skeletal muscle. 2 Based on N-terminal amino acid sequences, two rabbit cardiac TnT isoforms were identified by Pearlstone et al. 1 They suggested that other isoforms may be present. Our microsequence of TnT 4 does differ by one residue from that of the previously reported rabbit TnT sequence. 4 These findings suggest the presence of multiple cardiac TnT isoforms.
Our new finding that the rabbit cardiac TnT isoform with the largest M r , TnT l5 is expressed in the immature heart but not in the adult heart adds to our previous observations, 9 which are consistent with a generally observed developmental decrease in TnT isoform size. 6 -7 -9 -20 -28 -30 Developmental regulation of TnT expression in the chicken heart, 6 as deduced from complementary DNA analysis, shows that the inclusion of an N-terminal exon in the embryo and its exclusion in the adult myocardium produces adult TnT with a smaller M r . In rat cardiac muscle 7 and in chicken skeletal muscle, 20 -28 -30 the developmental loss of a TnT isoform with a relatively high M r also occurs. The functional significance of this maturational decrease in M r and the developmental stimuli that cause the apparent exclusion of specific exons is not yet understood.
It is tempting to speculate that developmental changes in the expression of the thin filament regulatory proteins have a functional significance in the myocardium. In rabbit fast skeletal muscle, Schachat et al 8 found that the TnT isoform of the fiber affects the force-pCa relation. In avian fast skeletal muscle, development affects both TnT isoform expression and the force-pCa relation of the fiber. 28 In bovine heart, myofibrillar ATPase activity is altered by the TnT isoform. 31 In the canine heart, the developmental effects of pH on myofibrillar ATPase have been attributed to TnT and troponin I expression. 32 In the rabbit heart, a decreased calcium binding of myofibrils from the 4-day postnatal heart compared with that of adult myofibrils has been observed and attributed to TnT expression. 33 All these observations add support to the possibility that TnT isoform expression affects cardiac contraction.
The overlap of the ends of adjacent tropomyosins 34 by the hypervariable TnT amino-terminus is considered by Schachat et al 8 to play a key role in the cooperative action of the regulatory strand. This region of TnT may modulate the interaction of calcium with troponin and with the thin filament. 35 We aim in our ongoing studies to determine the structural differences among the cardiac TnT isoforms and to establish fully their molecular origin through cloning of the cardiac TnT gene(s) and complementary DNA analysis. These findings will provide the basis for alteration of selected regions and for establishment of the domains that are important in modulating the interaction of the thick and thin filaments and the mechanisms that affect this modulation.
